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Abstract
We determined how much motion coherence was needed to detect a target group of four moving dots in a dynamic visual noise
(DVN) background. The lifetimes of the trajectories of the target and that of the noise dots were the same. In addition to parallel
trajectories and collinear dot arrangements, divergent, convergent, or crossing trajectories and non-collinear dot arrangements
were also tested. Performance saturated at a lifetime of approximately 600 ms. It was best for parallel trajectories and collinear
dots, and worse for crossed trajectories with non-collinear dots, where it approached performance in a no-motion, form-only
control experiment. Results illustrate the importance of common fate in motion perception in DVN, when other factors are
equated. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Among the many contributions of Gestalt psychol-
ogy to our understanding of visual perception, the
identification of the factors governing figure-ground
segregation and perceptual grouping are the most im-
portant (Wertheimer, 1923; Ko¨hler, 1929; Koffka,
1935). These factors represent descriptions of the per-
ceptual forces that help us organize visual forms, dis-
cern figures from grounds, and recognize simple
stimulus patterns.
One of the most important of these factors is common
fate, first named by Wertheimer (1923). A well-known
illustration of this grouping factor demonstrates how
an invisible figure, even when composed of randomly
organized dots on a dotted background, will pop out
from the background at the slightest movement by
virtue of the Gestalt factor of common fate. The figure
also can be perceived, but not as well, when both the
dots representing the figure and those representing the
ground move in different directions or at different
speeds (Sekuler, 1990; Wist, Ehrenstein & Schrauf,
1998).
This paper studies the boundary conditions govern-
ing the perception of a group of four dots, moving with
various degrees of coherence on a dynamic random dot
background. Specifically, we ask: How does target de-
tection by common fate depend on (i) motion regularity
(trajectories); (ii) shape regularity (alignment); and (iii)
lifetime?
Grouping by coherent motion can be studied conve-
niently using a moving structured dot pattern that must
be detected in a background of randomly moving dots,
hereafter referred to as dynamic visual noise (DVN).
The dot masking technique, sometimes in the form of
static snapshots and sometimes using DVN, was origi-
nally introduced by French (1954), but has been further
developed by Uttal (e.g. Uttal, Bunnell & Corwin,
1970; Uttal, 1975, 1983, 1985, 1987) and other re-
searchers (Oyama & Yamada, 1978; Grzywacz, Wata-
maniuk & McKee, 1995; Watamaniuk, McKee &
Grzywacz, 1995; Verghese, McKee & Grzywacz, 1997).
All of these experiments produced results that quan-
tify the effect of the shape, the movement, and their
combination on the detectability of a target on a noise
background. Using a single dot moving in one consis-
tent direction among DVN dots, Watamaniuk et al.
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(1995) found that observers performed quite well, even
when the signal dot represented less than 1% of the
total number of dots.
Our study also addresses the question of how well
observers can detect a group of target dots moving in
consistent directions among noise dots; however, there
is an important difference between our stimulus and
that of Watamaniuk et al. (1995). In our study, all dots,
target and noise, moved in a constant direction for the
duration of their lifetime; thus, the signal and DVN are
identical except for the common fate factors we wish to
study. In contrast, the noise dots in Watamaniuk et
al.’s (1995) study changed their direction on every
frame while the target dot roughly moved along a linear
trajectory (performance was constant for targets chang-
ing direction by less than 30° on each frame). Such a
linear trajectory has been shown to be especially salient
(Uttal, 1975, 1983, p. 124) and perceptually pops out as
a continuous straight line from the randomly moving
noise dots. The possibility that the target popped-out
based on the shape of the trajectory is strengthened by
the curious finding that circular and straight trajectories
produced nearly identical results (Watamaniuk et al.,
1995, p. 74).
Previous studies also differed from the current one in
that our observers detected a coherently moving group
of dots, which formed a short target line, rather than
single dots as in Watamaniuk et al. (1995) or a set of
random dots as in Newsome, Britten and Movshon
(1989). Specifically, observers were instructed to detect
a short target line of dots moving with varying degrees
of coherent motion. Coherent motion of a group of
dots typically is defined as motion at the same speed in
the same direction. Rigorous application of this defini-
tion would imply parallel trajectories of collinearly
aligned dots moving orthogonally to their spatial order.
In some of the experiments to be described later, we
degraded the coherent motion by systematically chang-
ing the direction of the trajectories of the individual
dots. This is done in a regular (divergence:convergence)
or irregular (crossovers) manner. Our aim was to deter-
mine just how common the motion coherence needed to
be to permit the detection of a small group of moving
dots on a background of randomly moving dots.
We carried out the following experiments to achieve
this goal. In two pilot studies, we determined the effect
of the number of dots and of dot spacing on coherent
motion detection. Using this information, we subse-
quently determined, in Experiment 1, the effect of
injecting incoherence by (A) diverging or (B) converg-
ing the dot trajectories. Experiment 2 determined the
effect of the lifetime of dot motion on detectability
varying from a snapshot to the maximum lifetime used.
Experiment 3 examined how target detection was af-
fected when targets had crossed trajectories on one
hand and non-collinear (crooked) dot patterns on the
other. Results suggest that a stimulus that has both
motion and form regularity is particularly salient to the
visual system.
2. General methods
2.1. Obser6ers
Four observers (three in one of the pilot studies)
participated in this study. All were well-trained, experi-
enced psychophysical observers and each served in all
of the main experiments reported in this article. All had
20:20 corrected vision or better; their ages were 29, 32,
32, and 35 years.
2.2. Apparatus
The stimuli were presented on an EIZO Flexscan
T660i-T raster scan 4030 cm display (B23 phosphor)
connected to a CD 33 MHz PC computer. The entire
display was set at a resolution of 640350 pixels, but
only the middle 250250 pixel region was used. Indi-
vidual dots had a luminance of 29.1 cd:m2 and ap-
peared white on a dark background having a luminance
of 2.6 cd:m2 (C0.84). Observers were seated in a
highback chair and instructed to lean their head against
the headrest at the back of the chair to maintain head
position and viewing distance. The display was posi-
tioned 200 cm from the observer’s eyes, and at this
viewing distance, the test region subtended 3.73.7°.
The display raster was refreshed at a rate of approxi-
mately 70 frames:s. The combined effects of visual
persistence and the speed at which the noise dots
moved resulted in the appearance of short spurious
lines extending from each of the dots in both the
randomly moving noise and the line of target dots. A
control experiment (Fig. 8) shows that these brief tails
have no implications.
2.3. Stimuli and psychophysical procedure
A two-interval, forced choice (2-IFC) procedure was
used. One interval (noise) contained only DVN consist-
ing of 100 dots, for 1710 ms. All dots moved in a
straight line in a random direction with a lifetime of
1140 ms, but were initialized at random age. Whenever
a given dot encountered the edge of the viewing region,
it reemerged on the opposite side in the same direction
for the remainder of its lifetime. The other interval
(target) contained a different sample of 100 dot DVN
and a target stimulus consisting of a group of dots
moving according to the specific coherence conditions
of each experiment. Which interval contained the target
was randomly chosen on each trial by the computer.
The target group of dots was constrained so that no
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element of the group ever moved outside the viewing
region. The lifetime of the target group of dots was also
1140 ms, with the exception of Experiment 2 in which
the effect of the lifetime of the target group of dots was
measured. Unless otherwise indicated, the target group
initially appeared 285 ms after the beginning of the
DVN and disappeared 285 ms prior to the termination
of the DVN (again with the exception of Experiment 2).
There were four dots in the target line, with the excep-
tion of the pilot study in which the number of dots was
the major variable. The target group of dots always
started at a random position with a random orienta-
tion, and moved in a direction that was orthogonal to
the initial orientation (except for Experiments 1 and 3,
when we used nonparallel trajectories). The dots in the
target group and the DVN dots all moved at the same
speed (2.6°:s) and along a constant path of 3.0° length.
(The effects of different stimulus speeds and aperture
sizes on common fate go beyond the scope of this study
and remain to be tested in future experiments.)
The task of the observer was to detect in which of the
two intervals the target appeared. Responses were en-
tered by pressing the key 1 or 2 on the keyboard at the
end of the second interval. The same key was then
pressed again to begin the next trial. Data were col-
lected and summarized automatically. In all experi-
ments (except for Experiment 3), all conditions were
randomly intermixed
3. Pilot studies: the effect of dot number and spacing
3.1. Dot number
To obtain a baseline for the main experiments, the
number of dots in a straight line moving along parallel
paths was varied. Targets consisted of three, four, or
five dots aligned collinearly and spaced apart by 17.8
arcmin (20 pixels). Three of the observers completed
100 trials, the fourth 200 trials.
The results are shown in Fig. 1. The mean percentage
of correct responses averaged across observers is shown
on the ordinate and the number of dots on the abscissa.
Detectability increases linearly with dot number. This
small range of dot numerosity in 100 DVN dots covers
a wide range of performance: 63–85%. Therefore, to
avoid any floor or ceiling effects, a line consisting of
four dots was chosen in all subsequent experiments.
These results affirm and replicate the exquisite sensitiv-
ity of the human visual system to coherent motion. The
small percentage of signal dots (4%) required for detec-
tion is comparable to the best threshold numbers ob-
served in neurophysiological and behavioral tests in the
monkey (Newsome & Pare´, 1988; Newsome et al., 1989;
Britten, Shadlen, Newsome & Movshon, 1992). This
high sensitivity is also comparable to the findings in
human performance of van de Grind, van Doorn and
Koenderink (1983) and Scase, Braddick and Raymond
(1996).
3.2. Dot spacing
In a further pilot study, we examined the effect of the
spacing between target dots. In all previous studies of
dotted line detection in which the target dots had been
presented in a static snapshot (e.g. Uttal et al., 1970;
Uttal, 1975; Falzett & Lappin, 1983), spacing always
played a critical role in determining the detectability of
the line. As it turned out, interdot spacing also is a
major factor in determining the detectability of target
dots when they are moving. Dot spacing values of 13.4,
17.8, 22.3, 26.8, and 31.3 arcmin were used for a
straight target line consisting of four dots. Three ob-
servers completed 160–200 trials each.
The results are shown in Fig. 2, with the percentage
of correct responses on the ordinate and the spacing
between dots on the abscissa. Again, virtually the full
range of performance was covered by these five spacing
values, from 66 to 92%. The decline in performance
with increasing spacing is strikingly linear. Although
Fig. 1. Number of correct responses (%) plotted as a function of the
number of collinearly arranged dots. Dots were evenly spaced at 17.8
arcmin and moved coherently on parallel paths at a speed of 2.6°:s.
The stimulus had a lifetime of 1140 ms. Bars here and in the
following figures indicate between-observer standard errors.
Fig. 2. Number of correct responses (%) plotted as a function of the
amount of spacing between the individual dots. The stimulus was a
straight target line consisting of four coherently moving (parallel
trajectories) dots and had a lifetime of 1140 ms.
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observers were given initial practice runs, their perfor-
mance for an interdot spacing of 17.8 arcmin increased
from 75% correct in the first pilot study to 88% here.
This increase, however, allowed us to use this same
spacing in the following experiments when we tested for
the effects of degrading the coherent movement stimu-
lus, and still remain in the middle of the response range.
4. Main experiments
4.1. Experiment 1
4.1.1. A. The effect of di6ergence
The main goal of this study, as stated earlier, is to
outline the exact nature of common fate. One way to
address this question is to ask how far the movement
paths of the dots (trajectories) can deviate from parallel
paths and still produce the perceptual grouping of the
subset of target dots. This experiment, therefore, varied
the coherence of the target by allowing the dots to
travel along diverging trajectories. Specifically, the stim-
uli were designed to diverge from each other as shown
in Fig. 3.
Divergence, measured in terms of the spacing be-
tween the dots in the target line, accumulates over the
course of movement of the target dots. The result in
perception is a progressive fanning out of the adjacent
dots from an initially closely spaced, straight line to-
wards a gradually diverging line over the 1140 ms
lifetime of the moving target. Six divergence conditions
were used in this experiment: 3, 4, 5, 6, 7, and 8°
divergence (as defined in Fig. 3). At the beginning of
the divergent motion, the dot spacing was set at the
standard value of 17.8 arcmin. However, by the end of
the motion of the stimulus line, dot spacing could
increase to as much as 27.1 arc min (for the smallest
Fig. 4. 
, number of correct responses (%) plotted as a function of
the degree of divergence, as defined in Fig. 3. The stimulus was a
straight target line consisting of four diverging dots with a lifetime of
1140 ms and an initial spacing of 17.8 arcmin. , number of correct
responses (%) plotted as a function of the degree of convergence. Dot
spacing at the end equaled 17.8 arcmin.
divergence) to 42.7 arcmin (for the largest divergence)3.
Because the velocity remained the same for each dot,
the group formed a slightly convex perimeter towards
the end. Each observer completed at least 200 trials.
The filled squares in Fig. 4 show the results. The
percentage of correct responses on the ordinate is plot-
ted against the degree of divergence on the abscissa.
Although the trend of the curve is downward, there is
only a gradual decline in performance as the divergence
angle increases from 3 to 8°. The range from the
maximum (82%) to the minimum (70%) covers only a
small portion of the possible performance range. Such a
small effect of motion divergence is noteworthy, and
appears to be consistent with the single dot results of
Watamaniuk et al. (1995): a small increase of direction
variability reduces performance, but not dramatically.
Thus, one could interpret our results in terms of the
qualitative model proposed by these authors — that
motion signals are enhanced when motion detectors
with a similar directional tuning are activated. We
return to this hypothesis in Experiment 3. First, how-
ever, we address the question of whether there might be
another factor affecting the results of this experiment.
Perhaps the observers were responding to only the
initial spacing of the line of dots. If that were the case,
whatever additional divergence occurred after the initial
detection of the line would not alter the results.
4.1.2. B. The effect of con6ergence
One way to test the possibility that only the initial
close spacing of the stimuli produces the observed
results of this experiment is to have the stimuli startFig. 3. A schematic illustration of the divergence stimuli. The dots
show starting positions of target elements, and the arrows indicate the
direction of motion for each dot. The degree of divergence is x — the
angular difference in direction between each neighboring pair of dots.
Thus, if we refer to the elements in this example as positions 1, 2, 3,
and 4, from left to right, their directions are as follows: (1) xx:2
counterclockwise from vertical; (2) x:2 counterclockwise from verti-
cal; (3) x:2 clockwise from vertical; and (4) xx:2 clockwise from
vertical.
3 At an observation distance of 2 m, one pixel equaled 0.89 arcmin.
It follows that the standard spacing of 20 pixels between neighboring
dots equaled 17.8 arcmin. At a speed of 2.6°:s, the dots length of
travel after the standard lifetime of 1140 ms was 2.96°. After that
time, interdot spacing between the two innermost dots was 27.1, 30.2,
26.0, 33.3, 36.4, and 42.7 arcmin for trajectories diverging by 3, 4, 5,
6, 7, and 8°, respectively.
W.R. Uttal et al. : Vision Research 40 (2000) 301–310 305
widely spaced and then converge to the original narrowly
spaced, straight line of dots (i.e. run Experiment 1 A
backwards in time). This was the purpose of Experiment
1 B.
Stimuli were presented initially at their most widely
dispersed separations (up to 42.7 arcmin, the final
separation for the 8° divergence in Experiment 1 A) and
then proceeded to move to the point of minimum
separation (17.8 arcmin). Otherwise, all independently
controlled conditions of the two experiments were iden-
tical. Each observer completed approximately 200 trials.
The results from this experiment (, Fig. 4) are very
similar to those from the previous experiment (Experi-
ment 1 A). However, we are still left with the possibility
that, for converging stimuli, the terminal portion of the
stimulus, when the dots of the line have reconverged, is
critical. That is, instead of just using the initial portion
of the stimulus, as might have been the case in the
divergence experiment, observers may have been using
the terminal portion in the convergence experiment. The
next experiment was designed to address this possibility.
4.2. Experiment 2: the effect of lifetime
To understand the reasons for the modest decline in
performance in Experiments 1 A and 1 B, we studied the
effect of the lifetime of the target on the original stimulus
(parallel trajectories, 17.8 arcmin separation). Experi-
ment 2 was designed to determine just how much of the
stimulus duration was required to detect the presence of
the dotted line. In this experiment, the lifetime of the
moving line of target dots assumed values of 285, 570,
855, and 1140 ms, while the DVN durations remained
constant at the standard of 1140 ms. Each observer
completed at least 400 trials.
The results are shown in Fig. 5, plotting the percentage
of correct responses as a function of lifetime. Also shown
in Fig. 5 are the results of a supplementary test of the
detectability of an even briefer lifetime (71 ms). Perfor
mance at this shortest duration averaged 51%, and thus
was indistinguishable from chance. Detectability also
was reduced for the 285 ms presentation duration, but
increased sharply with increasing lifetime of the target
line. The curve reaches an asymptote between 570 and
855 ms, the minimum duration for the full utilization of
the stimulus information. This result suggests that for
four dots moving along parallel trajectories a duration
of about 600 ms is required for the observer to detect
group behavior on common fate optimally. Thus, observ-
ers in Experiment 1 may have based their judgments on
the initial-half (A) or trailing-half (B) of the stimulus
motion.
4.3. Experiment 3: the effects of irregular target form
and motion
Although the initial or trailing stimulus portions may
have driven performance for diverging and converging
stimuli, respectively, it is important to note that the
presence of a regular form per se cannot account for these
results. The result for the shortest lifetime (Fig. 5)
indicates that prolonged motion of the dots is critical.
Instead, the results are consistent with the notion that the
visual system integrates motion vectors across space and
time. The goal of this experiment was to investigate
further the relative contributions of target form and
motion on the perception of grouping derived from
common fate.
Previous studies have examined the apparent direction
of stimuli containing dots moving in various directions.
Such stimuli typically are perceived as having a single,
common direction of global flow, in the direction of the
mean, although the precision with which one can judge
the mean direction declines with increasing direction
variability (Watamaniuk, Sekuler & Williams, 1989;
Watamaniuk & Sekuler 1992; Watamaniuk, 1993;
Sekuler, Sekuler & Penbeci, 1996; Zohary, Scase &
Braddick, 1996). As divergence increased in Experiment
1, so did the range of directions included in the stimulus:
from 0° (all dots moving in the same direction) to 24° (the
range of directions included in the maximum divergence
stimulus). Although there is more directional variability
in the maximum divergence condition than in the parallel
trajectory condition, this degree of variability is less than
that expected to have a large effect on observers’ judg-
ments of global direction (Watamaniuk, 1993; Sekuler et
al., 1996), and it is also less than that expected to affect
the detection of a single moving dot within DVN
(Watamaniuk et al., 1995).
Although the divergence stimuli could be interpreted
as a subset of the kind of global motion stimuli used in
the past by other workers (Williams & Sekuler, 1984;
Watamaniuk et al., 1989; Watamaniuk, 1993), the
present stimuli differ from previous ones in two impor-
tant respects: motion regularity and form regularity. By
Fig. 5. Number of correct responses (%) plotted as a function of
lifetime. The stimulus was a straight target line consisting of four dots
moving coherently on parallel trajectories with a separation of 17.8
arcmin between dots. The square on the left shows the detectability of
the target line when presented very briefly; this datum point is the
average from two observers.
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motion regularity we mean that although multiple direc-
tions were present in the diverging and convergent
stimuli, there was an orderly, predictable progression
from the direction of one dot to the direction of its
neighbor dots (e.g. fanning out, zooming in). Such
regularity is not seen in previous research examining the
effects of direction variability on global motion percep-
tion; in those studies, the direction of any one dot is
chosen independently of neighboring dots.
Form regularity refers to the fact that the elements
comprising our target were collinear. In previous re-
search, the initial positions of elements were randomized,
so that no clear clusters or patterns emerged. If the
location of individual elements were irrelevant for the
integration of direction information, one would expect to
find similar levels of performance for collinear and
non-collinear targets. If, on the other hand, form regu-
larity is important to the visual system, then one would
expect that, even when the direction information is
identical, observers would be better at detecting moving
collinear targets than moving non-collinear targets.
The purpose of Experiment 3 was to examine the
effects of motion and form regularity on the detection of
a coherently moving stimulus.
4.3.1. Motion irregularity
Motion regularity was varied as follows. Stimuli con-
tained non-diverging motion vectors (the parallel stan-
dard stimulus from the pilot study) or motion vectors
consistent with the maximum amount of divergence (8°,
from Experiment 1 A). For example, diverging stimuli
with average motion upwards contain four directions:
12° counterclockwise of upward (direction 1), 4° motion
counterclockwise of upwards (direction 2), 4° clockwise
of upward (direction 3), and 12° clockwise of upward
(direction 4). Initial interdot spacing was 17.8°. In the
standard divergence stimulus, these directions are ar-
ranged orderly: 1–2–3–4, the leftmost dot moves fur-
thest leftward; the rightmost dot moves furthest
rightward. For the other three irregular motion stimuli,
these same directions were scrambled relative to dot
position: 2–3–1–4, 3–2–4–1, and 4–3–1–2 (see Fig.
6a). Thus, although all four stimuli contained the same
motion vectors, only the 1–2–3–4 stimulus was per-
ceived as having a regular pattern of motion; the others
produced various degrees of crossover.
4.3.2. Form irregularity
To vary form regularity, the target pattern always was
a group of four dots, but the dots were either arranged
along a line (as in all the experiments reported so far) or
they were positioned non-collinearly. The non-collinear
target was constructed as follows (see Fig. 6b for an
illustration). If the leftmost dot was considered to desig-
nate the starting position, the second dot was positioned
ten pixels below and 20 pixels to the right, the third dot
Fig. 6. A schematic (not to scale) illustration of the stimuli from
Experiment 3. (a) The four non-parallel motion configurations — 8°
divergence, initial spacing 17.8° — and irregular motion. Arrows
indicate the directions of motion when regular and scrambled relative
to dot position. (b) The two form configurations — collinear and
non-collinear.
was 15 pixels above and 25 to the right of the second,
and the fourth dot was ten pixels below and 15 to the
right of the third. In other words, the non-collinear target
was an irregular arrangement of dots with the same
average spacing (20 pixels) as in our standard, collinear
four dot target array. The direction of motion was
roughly perpendicular to an average or regression line
oriented along the long axis of the irregular line of dots.
Thus, there were five motion conditions (all directions
same, 1–2–3–4, 2–3–1–4, 3–2–4–1, and 4–3–1–2),
and two form conditions (collinear and non-collinear).
Each observer completed two sessions of each combina-
tion of motion and form conditions, with 50 trials per
session. The order of motion conditions was randomized
within form conditions, and half of the observers started
and ended with collinear forms, whereas half started and
ended with non-collinear forms.
If the visual system integrates information across
directions, without regard for the regularity with which
neighboring elements move, then one would expect
similar performance when the same motion vectors were
presented in different starting positions (i.e. irregular
form). If, on the other hand, motion regularity is
important to the visual system, then one would expect
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far superior performance for stimuli with motion regular-
ity than for stimuli without such regularity. Results are
presented in Fig. 7.
Observers’ performance varied as a function of both
motion and form regularity, but the two types of
regularity interacted with one another. Specifically, the
decrease in performance from collinear to non-collinear
form was particularly large for stimuli in which all dots
moved in the same direction, i.e. parallel. In addition,
although stimuli with parallel trajectories were perceived
better than diverging stimuli4, there were few differences
among the diverging stimuli themselves. Interestingly,
the difference among diverging stimuli was mainly due
to decreased performance in one of the three irregular
motion conditions (2–3–1–4), not to relatively good
performance in the most regular divergence condition
(1–2–3–4). Thus, there does not appear to be anything
special about the divergent motion stimulus (cf. Sekuler,
1992). Consistent with expectations from discussions of
global motion perception (e.g. Watamaniuk, 1993), per-
formance generally remains constant as long as the target
contains some coordinated global direction (i.e. common
fate), regardless of the local percept of regular or
irregular motion.
However, the results from irregular form are not
consistent with current ideas about the processing of
global motion. Previous studies used spatially random
dot stimuli, and previous discussions of direction integra-
tion have not focused on the role of form. Our results
are consistent with the notion that form regularity is
particularly important for the visual system in detecting
a moving group. The percentage of correct responses for
non-collinear dot arrangements was always significantly
below that for collinear target stimuli. In comparison, for
the stimuli we tested motion regularity appears to be less
important. It is important to note, however, that the
effects of motion and form regularity do not appear to
be additive, as is illustrated by the interaction between
form and motion: a stimulus that has both motion and
form regularity (e.g. Fig. 7, left) is particularly salient to
the visual system. If form alone were driving perfor-
mance, one would not expect this interaction.
4.4. Experiment 4: static 6ersus dynamic stimuli
To convince ourselves that the results reported here
may be attributed predominantly to the dynamics of
common fate, rather than the collinear arrangement of
the target dots, we performed a final control experiment.
Here, we show that form alone cannot account for the
same high level of detection exhibited in Experiment 2
or any of our other experiments. To separate form and
motion, we tested four well-trained subjects, three of
whom had participated in the earlier experiments, with
a line of four dots as before. However, there was one key
difference: the target and noise dots were completely
static. There was no motion of any kind, and the
detectability of the target line of dots thus depended
exclusively upon their spatial arrangement. Target dots
were one pixel in length, separated by 17.8 arcmin, and
were presented on a background consisting of 100
random noise dots for a duration of 1140 ms using 2-IFC.
Different noise fields were used in both intervals. Each
subject made 200 judgements under this condition. In
each case the background and target stimulus started and
ended at the same time.
To check whether the short streaks trailing each dot,
due to visual persistence, had any effect on detectability,
we also repeated the static test with target and noise
elements that were three and five pixels in length. These
values produced a stimulus that more resembled the
coherently moving dots in Experiment 2. A control
duplicating the 1140 ms dynamic condition of Experi-
ment 2 — coherently moving one pixel dots on a
dynamic noise background — was also included to allow
for a direct comparison between the original motion-and-
form condition on one hand and the form-alone condi-
tion on the other.
The results of this final experiment are shown in Fig.
8a. Detectability for the three static conditions of 1140
ms each was 57% for the one pixel element, 54% for the
three pixel element, and 66% for the five pixel element,
while detectability for the one pixel dynamic condition
was much higher, 92%. Shorter exposure durations for
the five pixel static elements were also tested (Fig. 8b).
They yielded about the same detectability as the 1140 ms
Fig. 7. Number of correct responses (%) plotted for five motion
conditions (see Fig. 6a). Black columns refer to collinear targets,
white columns to non-collinear (crooked) targets (see Fig. 6b).
4 One clear difference between the current results and those of our
previous experiments is the performance of observers in the collinear,
parallel motion condition: observers’ detection levels for this condition
(96%) are higher here than before (88%). This difference is likely due
to differences in the degree of stimulus uncertainty. Whereas in
Experiments 1 and 2 several conditions were intermixed within one
block, so that observers never knew what stimulus to expect from one
trial to the next, in the current experiment, each condition was run in
isolation.
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Fig. 8. Results from the control experiment comparing the dec-
tectability of static collinear targets with dynamic collinear targets. (a)
Number of correct responses (%) plotted as a function of pixel length
of static targets (one, three, or five pixels). Results for a one pixel
dynamic target are included for comparison. Lifetime for all stimuli
was 1140 ms. (b) Number of correct responses (%) plotted as a
function of lifetime. 	, five pixel static targets. , one pixel dynamic
targets. Data for 1140 ms were taken from Fig. 8a.
perception of coherent motion. The visual system
tolerates a considerable amount of variability in
direction.
5. A moving irregular (crooked) line of dots is seen
significantly worse than a moving straight line.
6. Motion and form regularity do not appear to be
additive, but are interactive.
Given these findings, what can we say about the
performance of the human visual system as tested under
the conditions of our experiments?
First, the spatio-temporal sensitivity of the visual
system to detect camouflaged targets once again is shown
to be extraordinarily good (4% measured by the ratio
between target dots to noise dots). Niedeggen and Wist
(1992) and Watamaniuk et al. (1995) have shown that
only a very small percentage of coherently moving dots
could be detected reliably even though there were as
many as one or two hundred dots in the masking DVN.
One might argue that the probability of four random dots
having the same direction of motion and also having
collinear and equally spaced starting points is extremely
low and hence the signal-to-noise ratio is relatively high.
Even so, the task of detecting the target line is nontrivial;
one has only to view the display oneself to appreciate how
complex the visual scene is.
Nevertheless, the visual system is able to integrate
across time and space to detect a coherently moving dot
pattern sufficiently well to differentiate it from other
spontaneous, but less well organized pseudo-groups that
periodically form. Very few dots are required to organize
a percept based on common fate; four collinearly orga-
nized dots moving together in a coherent fashion for
approximately 600 ms constitute a powerful and distinc-
tive stimulus that emerges from the perceptual chaos of
100 similar, but randomly, moving dots.
Second, the effect of the spatial geometry of the target
group is strong. However, there are specific limits to how
far apart the dots can be without destroying the observ-
er’s ability to perceptually cluster them together as a
group. If the spacing exceeds about 30 arcmin, then even
the powerful common fate-driven detection of a straight
line of dots begins to approach chance levels. Similarly,
ordered spatial arrangement, not just proximity, is im-
portant. Uttal (1975) originally proposed a universal law
of linear periodicity based on the detection of static, but
similarly organized lines of dots, in static dotted noise.
This perceptual law asserted that straight lines consisting
of a number of equally spaced dots were preferred stimuli
in detection experiments. When compared to equally
spaced, but curved, lines, the straight ones were much
more detectable. Furthermore, lines of collinear dots
were less well detected if they were not spaced evenly.
Displacing the dots so they were not collinear, also
substantially reduced their detectability. Indeed, the law
of linear periodicity not only predicted the detectability
of single lines, but also of organized patterns of lines.
Thus, regularly spaced groups of lines were seen better
condition—65% for 855 ms, 64% for 570 ms and 61%
for 285 ms. Here, the corresponding values for the one
pixel dynamic condition again were far superior at 94,
86, and 70% The resulting curve (percent correct plotted
against lifetime) has nearly the same shape as that in Fig.
5; however, it is generally higher on the ordinate. This
may be explained, in part, by the fact that the observers
in the current experiment were more highly trained. In
comparison, the results obtained with the static target
and noise background fall on a line parallel to the
abscissa.
5. General discussion
We examined the respective roles of common fate and
stimulus form on the detection of moving targets. We
found:
1. The effects of dot number and spacing are strong.
2. The effect of divergent and convergent trajectories are
small and identical.
3. A moving stimulus cannot be detected if presented for
a short period of 71 ms. At the speed used, approx-
imately 600 ms of movement are required for com-
plete grouping to occur.
4. Crossing trajectories impair, but do not abolish, the
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than irregular ones and a set of lines that formed a good
figure was seen better than any set that did not. Obviously,
experiments of the present kind and the earlier work by
Uttal (1975) provide quantifiable measures of the power-
ful effects of the classic Gestalt rules of grouping.
To account for the law of linear periodicity, Uttal
(1975) suggested an internal processor that was sensitive
to the same attributes of the stimulus as the spatial
autocorrelation of the array of target dots. The present
study provides additional evidence extending the autocor-
relation model from a static, two-dimensional domain
into a dynamic, three-dimensional one (time two spa-
tial dimensions), and further supports the theory that the
detectability of moving stimuli also follows the law of
linear periodicity. Moving irregular (form) or irregularly
moving (trajectories) lines of dots were seen significantly
less well than regular (i.e. collinear) lines. Most powerful
of all, of course, were coherently moving, straight lines.
The fact that these two dimensions interacted suggests
that the detection process is dependent on both motion
and form, but not in a simple additive fashion.
The results shown in Fig. 8 compellingly demonstrate
that, although the spatial organization of the pattern of
target dots raises detectability slightly above chance, most
of the improvement is accounted for by the dots’ coherent
motion — common dynamic fate. An explanation based
primarily on the collinear form of the target stimuli may
be ruled out. That motion alone should produce such
strong effects has been supported by recent results (e.g.
Lee & Blake, 1999; Sekuler, Bennett & Protzner, 1999)
showing how the temporal pattern of a stimulus can
produce the global perception of a form even when there
is no spatial organization available.
The results of this study are relevant for a better
understanding of the effects of camouflage-type masking
on one hand and figure-ground segregation on the other.
They also permit estimates to be made regarding the
magnitude of the strength of the perceptual forces of
spatial grouping that bind individually moving targets
together to produce dynamic form perception (form–
from–motion).
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